We present 1-on-1 and 10-on-1 damage threshold investigations on Mo/Si multilayers with EUV radiation of 13.5 nm wavelength, using a table-top laser produced plasma source based on solid gold as target material. The experiments were performed on different types of Mo/Si mirror, showing no significant difference in single pulse damage thresholds. However, the damage threshold for ten pulses is ≈60 % lower than the single pulse threshold, implying a defect dominated damage process. Using Nomarski (DIC) and atomic force microscopy (AFM) we analysed the damage morphologies, indicating a primarily thermally induced damage mechanism. Additionally, we studied the radiationinduced change of reflectivity upon damage of a multilayer mirror.
sources for next generation semiconductor microlithography are being developed, for which novel optical elements like multilayer or grazing-incidence mirrors are required. Consisting of very thin alternating layers, especially molybdenum and silicon for the wavelength of 13.5 nm, multilayer mirrors are employed for normal reflection angles. These mirrors are presently being optimized with respect to thermal resistivity and reflectivity [2, 3] . However, only very few ablation [4] [5] [6] and damage threshold studies at a wavelength of 13.5 nm are available up to now for these optical elements [7, 8] . Barkusky et al. [9] investigated EUV induced single pulse damage thresholds of grazing-incidence mirrors, Mo/Si multilayer mirrors and mirror substrate materials as fused silica, silicon and CaF 2 , presenting first damage threshold data for nanosecond pulse durations.
In this paper we present further investigations of EUV induced damage thresholds of three different Mo/Si multilayer mirrors. We examined single and ten pulse damage thresholds and corresponding radiation-induced surface morphologies. Furthermore, we studied the change of reflectivity caused by radiation-induced damage of the mirror by spatially resolved observation of the reflected EUV radiation.
Experimental setup
The experimental setup used for the measurements was described already previously [9] . It includes a laser-based EUV source and a separated optics chamber connected to this source (cf. Fig. 1 ) [10] [11] [12] . EUV radiation is generated by focusing a Nd:YAG laser (Innolas, wavelength 1064 nm, pulse energy 700 mJ, pulse duration 8.8 ns) onto a rotating solid Au target, yielding a plasma diameter of about 50 µm (FWHM) [9] . The plasma is generated in the center of a vacuum chamber, which is evacuated below 10 −4 mbar due to the low mean free path of EUV radiation at atmospheric pressure. An EUV Schwarzschild objective consisting of two spherical, annular mirror substrates coated with Mo/Si multilayers (reflectivity R ≈ 0.65@13.5 nm) provides high EUV fluences [13] . The incidence angles on the sample range from 12.7 • to 26.6 • (mean angle ≈20 • ) according to the numerical aperture of the Schwarzschild objective [9] . Selected properties of the EUV source and the optics system as used in the experiments are compiled in Table 1. 1-on-1 damage tests were performed with the described setup at 13.5 nm according to ISO 11254 [14] , irradiating 10 positions with single EUV pulses at constant fluence. The number of damaged positions divided by the total number of irradiated sites results in the damage probability, which was determined for several EUV energy densities [14] . The onset of damage and its morphology were detected using Nomarski (DIC) and atomic force microscopy. Damage is considered as permanent change in the surface morphology as a result of interaction with the incident EUV radiation.
Due to mechanical instabilities of the rotating solid Au target (cf. Fig. 1 ) the positional stability of the EUV plasma and thus the maximum number of overlapping pulses are limited. To guarantee a proper measurement of multiple pulse damage thresholds a maximum number of ten pulses per site were applied.
The EUV plasma reflected from the mirror samples can be observed with an EUV sensitive camera by inserting a plane Mo/Si mirror (45 • @13.5 nm) partly in the beam path.
Experimental results
The measurements below were conducted with 3 different Mo/Si multilayer mirrors designed for a maximum reflectivity at 16 • incidence angle @ 13.5 nm. One mirror consists of Mo/Si multilayers only, the second has a ruthenium capping layer ([Mo/Si]Ru), and the third intra-diffusion barriers (Mo/C/Si/C) with a barrier thickness of 0.6 nm. The mirrors are made of 60 bilayers of Mo and Si with a periodicity of 6.90 nm and Mo layer thickness of 2.42 nm.
Single pulse damage thresholds
Results of the damage tests calculated according to Ref. [14] are displayed in Fig. 2 , showing single pulse thresholds of about (0.09±0.06) J/cm 2 for [Mo/Si]Ru, (0.20±0.06) J/cm 2 for Mo/Si and (0.26 ± 0.04) J/cm 2 for Mo/C/Si/C, respectively. Energy density and damage probability are determined with a relative uncertainty of 10 %. The error in the energy density stems from the uncertainty in EUV pulse energy measurement and the determination of the focal size. Since the 1-on-1 damage test was performed twice for the Mo/C/Si/C mirror the resulting damage probabilities were averaged, leading to a statistical error for the damage probability of this sample. The absolute error results from the uncertainty of the parameters of the linear regression.
The damage threshold measured for the Mo/Si mirror is about four times lower than that determined by Barkusky et al. for a similar mirror [9] . However, the latter was designed for a maximum reflectivity at an incidence angle of 20 • , corresponding to the mean incidence angle on the sample given by the Schwarzschild optics. Thus, the mirror designed for 16 • used in this experiment absorbs a larger fraction of the EUV radiation compared to the sample used in reference [9] , giving rise to a lower damage threshold. Furthermore, there could be an effect of out-of-band radiation reducing the threshold since this damage test was performed without a zirconium filter. On the other hand, the damage threshold obtained with EUV femtosecond pulses at FLASH (Free electron laser Hamburg) [7] is still lower than that determined in this experiment. Figure 3 shows Nomarski (DIC) images of damaged sites of the Mo/Si and Mo/C/Si/C mirror, as well as corresponding AFM micrographs for selected energy densities between 0.6 and 2.0 J/cm 2 .
For fluences just above the damage threshold small craters with a maximum depth of 60 nm occur, merging into one single crater at ≈0.9 J/cm 2 . Due to the random distribution of the small pits (cf. Fig. 3 top row) this effect may be affiliated to sites with higher absorption such as defects or inhomogeneities in the multilayer structure. This supports previous results of experiments with this setup [15] , of experiments performed with EUV femtosecond pulses at FLASH [7, 16] and at higher wavelengths [17] [18] [19] [20] [21] , where very similar structures were observed.
For higher fluences the surface morphology of the damaged Mo/Si mirror is visually similar to the gold mirrors investigated in Ref. [15] . In particular a bump is formed in the middle of the crater, indicating a damage mechanism primarily driven by thermal heating of the multilayer structure. Furthermore, compaction of the multilayer mirror upon silicide formation might play a role in the damaging process [7] .
In contrast to a primarily thermally driven damage mechanism a non-thermally driven damage profile is absolutely smooth, e.g. as shown for fused silica in Ref. [9] , where the damage is probably due to a photon-induced direct bondbreaking process.
Whereas the [Mo/Si]Ru mirror exhibits similar damage morphologies as the Mo/Si sample, the Mo/C/Si/C mirror shows a slightly different behavior: The bump in the center of the crater does not occur until high energy densities are reached. This effect may be based on differences in thermal diffusivity or the formation of compounds (SiC) with a different density due to the intra-diffusion barriers of the Mo/C/Si/C mirror.
Multiple pulse damage effects
In order to investigate multiple pulse damage effects, 1-on-1 and 10-on-1 damage tests were performed with the Mo/C/Si/C mirror, irradiating six positions with single EUV pulses and six positions with 10 EUV pulses at constant fluence. Again the damage probability was determined for different EUV energy densities according Ref. [14] . The results are shown in Fig. 4 , displaying a single pulse damage threshold of about (0.26 ± 0.04) J/cm 2 and a ten pulse damage threshold of about (0.10 ± 0.05) J/cm 2 . Accordingly, the 10-on-1 threshold is ≈60 % lower than the single pulse threshold. Since there is a certain probability (<1) that a specific defect will lead to damage in a single pulse, the occurrence of damage is more likely when multiple pulses are applied. Thus, the ten pulse damage is more deterministic, being recognizable in the steeper slope of the corresponding damage probability compared to single pulses. The effect of phase-transitions, crystallization or SiC formation on the damage threshold was not investigated in the experiments but could additionally influence the damaging process.
Change of reflectivity
The reflectivity change associated with the damaging process was monitored in order to investigate the possibility to establish an online damage detection tool. For this purpose, the EUV radiation reflected from the Mo/C/Si/C sample was acquired at low fluence with the EUV camera (cf. Fig. 1) , both before and after the damaging pulse (cf. Fig. 5 ). Damage of the mirror was obtained by irradiating it with five pulses (without plane mirror in the beam path). Figure 5 also displays the corresponding Nomarski (DIC) images of the damaged sites for selected energy densities. The reflected EUV intensity obviously decreases with increasing energy density due to an enlarged damaged area of the mirror.
The relative reflectivity was determined by dividing the maximum sums of the averaged pixel counts in a constant area (130 µm × 80 µm) of the profiles before and after the damaging pulses. Figure 6 displays the relative reflectivity, showing no significant change for low energy densities (<0.9 J/cm 2 ). Above this fluence the reflectivity decreases, reaching a constant value of nearly 0.4 for about 2.0 J/cm 2 .
Obviously, although the sample is seriously damaged (cf. Fig. 4) , part of the EUV radiation is still reflected by the intact edges of the irradiated site. Furthermore, it is possible that the multilayer structure stays partly intact as seen for femtosecond damage experiments at FLASH [7] and part of the EUV radiation is reflected by these intact multilayers. However, the loss of reflectivity determined in this measurement cannot be detected until the small defect induced damaged spots (cf. Fig. 3 , top right) merge to a single large crater. Thus, the online damage detection is only possible for energy densities being highly above the damage threshold.
Conclusion
In this paper we have presented EUV single and ten pulse damage threshold investigations on three different Mo/Si multilayer mirrors using a nanosecond table-top EUV source. The 1-on-1 damage thresholds do not significantly differ between the three samples, although one mirror is capped with a ruthenium layer and another has intra-diffusion barriers. However, the diverse material properties of the samples lead to slightly different damage morphologies for the Mo/C/Si/C mirror compared to the Mo/Si and [Mo/Si]Ru mirrors, being probably due to differences in thermal diffusivity or the formation of compounds (SiC) with a different density.
Furthermore, the damage experiment performed with the Mo/C/Si/C mirror shows a 10-on-1 pulse damage threshold being ≈60 % lower than the single pulse threshold. This result is compatible with a defect induced damage mechanism, substantiated by AFM images of the mirror surface for low energy densities (cf. Fig. 3, top right) .
Acquiring the reflected EUV radiation before and after damaging pulses we obtained the relative reflectivity of the Mo/C/Si/C mirror. A significant change of reflectivity can only be observed for fluences >0.9 J/cm 2 leading to a single crater damage. Since part of the EUV radiation is still reflected from intact edges of the severely damaged sites or by partly intact multilayers, the relative reflectivity reaches a constant value of about 0.4 at energy densities >2.0 J/cm 2 .
